Introduction
============

Piezo1 is a member of the newly identified family of mechanosensitive ion channels (MSCs) found in higher eukaryotic cells.[@R1]^,^[@R2] The channel was identified in the mouse cell line Neuro2A where microRNA inhibited whole-cell responses to mechanical stimulation. The gene that was subsequently isolated encoded a protein of approximately 2,500 amino acids with over 30 predicted trans-membrane regions and with no obvious homology to other channel proteins.[@R1] Heterologous expression of Piezo1 conferred mechanosensitive whole cell currents to cells that did not normally respond.

The channel monomer associates in the membrane as homotetramers with no auxiliary proteins. It is not yet known whether the channels function as monomers or tetramers. The pore is cation selective, reversing near 0 mV in normal saline.[@R2] The channel is active in outside-out patches and has properties similar to currents from the cell-attached mode. The currents in outside-out patches are inhibited by the extracellular peptide, GsMTx4, the only known specific inhibitor for for cationic mechanical channels and it has a K~D~ of \~150 nM. The sensitivity to GsMTx4 is similar to the value reported for other endogenous cationic MSCs.[@R3] This result and the similar kinetics to endogenous cationic MSCs indicate that the endogenous channels may be members of the Piezo family. Knocking out the gene for the Piezo1 homolog in Drosophila larvae suggested it had a physiological role in the response to noxious stimuli. The knockout significantly reduced the sensitivity to the rollover response by pressing the larvae with a fiber.[@R4]

Since patch formation involves applying huge mechanical stresses to the cortex that can change the channel's environment,[@R5] we wanted to know how well patch behavior can be used to predict in situ behavior. As a first approximation to the in situ condition, we used whole-cell recordings and many features were similar to the properties in cell-attached patches, but there were significant differences that warrant caution about extrapolating the response channels in the patch to those on the cell.

Results
=======

Piezo1 currents have transients with a time-dependent desensitization.[@R1]^,^[@R6] We first asked whether the desensitization arises from a channel-dependent property (inactivation) or from adaptation of the force transmission system, a time-dependent decrease in the local stimulus typically because of viscoelastic coupling. To test for adaptation we used the classic stair step stimulus. In patches we first activated all the channels with a saturating pressure. When the desensitized current approached baseline levels, we doubled the stimulus amplitude. If adaptation caused desensitization, the response to the second step should look like the first. If it were inactivation, we should get almost no current since most channels were inactivated by the first stimulus. [Figure 1A](#F1){ref-type="fig"} shows desensitization of multichannel currents in a cell-attached patch in response to a two-step staircase stimulus. In this example, the response to the second step no longer desensitized. Note that the response to both steps is homogeneous across all the channels rather than exhibiting a mix of desensitizing and non-desensitizing responses. The fact that there was no significant response to the second step implies that desensitization is not the result of adaptation of the local stimulus but is channel based inactivation. However, all the channels are in the same mechanical domain and subject to the same forces within the domain.

![**Figure 1.** Inactivation in cell-attached patches. Panel (**A**) shows the results of a two-step staircase stimulus where the multichannel currents are shown to inactivate rather than adapt. The first step activates the channels and they proceed to desensitize. If desensitization were caused by adaptation of the stimulus the second step would produce a transient current similar to the first step. In general the second step produced very little current and in the example shown, the second step produced a complete conversion of the transient current to a non-inactivating current. Panel (**B**) shows the state model used to fit the transient and the optimal rate constants were obtained from the MAC routine in QUB. The rate constant k~12~ = k^12^ \*exp(q\*P) where q is the pressure sensitivity shown in parentheses after the constant k~12~ and k^12^ is the rat at zero pressure. For the fitted data, note that once the stimulus ends the recorded current trace is smaller than that of the model for many seconds as drop in pressure wrinkled the membrane and it took time to reanneal.[@R6]](chan-6-282-g1){#F1}

To quantify the kinetics we modeled multichannel currents using the MAC routine[@R7] in QUB software ([www.qub.buffalo.edu](http://www.qub.buffalo.edu)) ([Fig. 1B](#F1){ref-type="fig"}). The data were well fit by a linear 3 state model: closed, open and inactivated. The only pressure-dependent rate constant was from closed to open. To account for the known viscoelastic properties of patch geometry, the idealized pressure stimulus was modified to incorporate those relaxations. QuB software uses the idealized data to drive an ordinary differential equation that describes the translation of applied pressure to geometric changes.[@R5]^,^[@R8] This equation effectively applied a damping factor to the stimulus (the damping factor was 1.1).

To explore the dynamic range of the response, we applied large pressures and voltages. Repeated stimuli of either kind produced an irreversible transition to a non-inactivating response ([Fig. 2A and B](#F2){ref-type="fig"}). Recordings made with single channel resolution mimicked these observations ([Fig. 2C and D](#F2){ref-type="fig"}). However, the channels still activated sigmoidally with pressure. Moderate amplitude stimuli that were as much as 10 times longer than those shown in [Figure 2](#F2){ref-type="fig"} retained inactivation (data not shown). The probability of transition isn't linear with the stimulus amplitude. The irreversible loss of inactivation does not seem to arise from occupancy in any particular state of the model. We were able to produce non-inactivating channels with positive or negative pressure indicating that the transition was associated with membrane stress not hydrostatic pressure.

![**Figure 2.** Irreversible transition of inactivating Piezo1 to a non-inactivating form. Panel (**A**) is the initial response in cell-attached mode showing a transient with no steady-state response while the next stimulus has a significant steady-state indicated by an arrow. After repeated stimuli of high pressure and voltage, all channels lose inactivation simultaneously and irreversibly (**B**). Panels (**C**) and (**D**) are single channel recordings of the inactivating and non-inactivating forms, respectively (average data of individual pulses are shown just below the stimulus trace). Treatment with cytoD (4--6 μM) reduces the ratio of peak to steady-state current (**E**) but does not change the transition from inactivating to non-inactivating (**F**), and the inactivation rate is unaltered.](chan-6-282-g2){#F2}

To look for the involvement of the cytoskeleton in gating, we measured the response after treatment with cytoD. In patches, the inactivation time constant with cytoD was τ = 46 ± 6 ms (n = 5) similar to that of untreated cells (τ = 45 ± 17 ms, n = 5), suggesting actin is not involved in inactivation. The transition to a non-inactivating form also occurred in cells treated with cytoD ([Fig. 2E and F](#F2){ref-type="fig"}). The only observable effect of cytoD on patch currents was to reduce the steady-state current during inactivation, i.e., cytoD made inactivation more complete.

We had previously observed that divalent ions affected the currents, so to extend the comparison with whole-cell recordings we did a more careful study. We defined the base conductance to be that in divalent free saline. Single channel recordings in cell-attached patches demonstrated that MgCl~2~ in the pipette reduced the conductance by \~50% ([Fig. 3](#F3){ref-type="fig"}) as previously reported.[@R2] With no divalents and high K saline (see Methods), the conductance was 67.8 ± 4.3 pS and in the presence of added 1 mM MgCl~2~ the conductance fell to 37.1 ± 2.5 pS. We observed similar responses with Ca^2+^ and Zn^2+^ (data not shown). We also measured the sensitivity of the inactivation rate to divalents ([Fig. 3C](#F3){ref-type="fig"}). For 1 mM Mg^2+^ and Ca^2+^, the inactivation rates were nearly identical to that seen in divalent free solution. However, Zn^2+^ slowed inactivation 3-fold ([Fig. 3B](#F3){ref-type="fig"}).

![**Figure 3.** Conductance of Piezo1 in the presence and absence of divalent ions. (**A**) Without divalent ions the unitary conductance is approximately 68 pS. (**B**) In the presence of 1 mM Mg the conductance is approximately 37 pS. Panel C shows inactivation with the falling phase fit to a single exponential indicated. The time constant of the fit (τ) is shown for different divalent ions. Mg^2+^and Ca^2+^ have a small effect on the inactivation rate but Zn slows it 3-fold.](chan-6-282-g3){#F3}

We compared the cell-attached patch responses to whole-cell responses elicited by indentation with a fire polished probe.[@R1]^,^[@R3] When divalent ions were removed from the bath, the whole-cell response was reduced, whereas in a patch the single channel conductance was larger in divalent free saline ([Fig. 4](#F4){ref-type="fig"}). [Figure 4A](#F4){ref-type="fig"} shows the washout of Mg^2+^ reduced the whole-cell currents and reperfusion with Ca^2+^ restored the current. Thus, in whole-cell mode and presumably in situ, extracellular divalent ions are required for activity. A summary of the divalent responses is shown in [Figure 4B and C](#F4){ref-type="fig"} as the mean response (± SD) averaged over multiple stimuli.

![**Figure 4.** Whole-cell currents require divalent ions. (**A**) Cells were perfused with bath solution containing Mg^2+^. Holding potential was -60 mV and the stimulus is the indicated ramp. Removal of divalent ions reduced the whole-cell currents and the addition of Ca^2+^ restored them. Panel (**B**) shows the average response of the data from (**A**), and (**C**) shows the aggregate response (mean ± SD).](chan-6-282-g4){#F4}

To test the involvement of cytoskeleton in whole-cell currents, we pretreated cells with 5 μM cytoD. In contrast to cell-attached patch recordings where the drug only decreased the steady-state current, CytoD produced a pronounced reduction in amplitude ([Fig. 5B and C](#F5){ref-type="fig"}) as though f-actin were in series with the channel stressors. To prestress the channels in a different way, we swelled cells that with a 50% hypotonic solution.[@R9] Swelling produced a dramatic increase in the sensitivity to indentation ([Fig. 5B and C](#F5){ref-type="fig"}). Swelling also sensitized indentation in cells that had been treated with cytoD also suggesting that the stress in actin is not the key stimulus link for the channel ([Fig. 5C](#F5){ref-type="fig"}).

![**Figure 5.** Disruption of the cytoskeleton and swelling alters Piezo1 sensitivity. Panel (**A**) shows typical current traces from two cells (control and cytoD) with and without swelling. Hypotonic swelling greatly enhanced the indentation sensitivity (-60 mV holding potential and 4 μm indentation) resulting in a 6-fold increase in current compared with control (**B**). Treatment with cytoD reduced the mean response by 11-fold but that response was potentiated by hypotonic swelling suggesting that there are at least two modes of stress transfer. Panel (**B**) summarizes these results (squares) and shows that treatment of cells with cytoD suppresses the activity of Piezo1 (triangles) compared with the control (circles). Panel (**C**) is the mean peak current (± SD) from many cells subjected to swelling or cytoD.](chan-6-282-g5){#F5}

Discussion
==========

Do patch recordings of Piezo1 provide reliable predictors for in situ behavior? In a patch these channels are activated by cortical tension whether produced by positive or negative pressure so the response is insensitive to membrane curvature, as is the case for other MSCs.[@R3] Patch currents usually inactivated with time although the inactivation proved labile. In whole-cell mode the currents usually inactivated following indentation ([Fig. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}) although it too was labile. The channel kinetics in the patch were well fit by a linear 3-state model of closed, open and inactivated, with a pressure dependent opening rate. The kinetic modeling was usually performed on currents from cells treated with cytoD that made inactivation more complete.

For reasons that remain unclear, repeated stimulation produced non-inactivating currents. The transition to non-inactivating currents was irreversible and did not arise selectively from the inactivated state. The transition did not occur on a channel-by-channel basis, but collectively as though groups of channels were in a single domain that broke apart under repeated stress. We have yet to define the stimulus conditions that reliably cause the loss of inactivation,[@R10]^,^[@R11] but it is associated with higher stress. Both high voltage and mechanical stress increase energy density in the bilayer that in extreme cases leads to membrane pore formation.[@R12] If the bilayer reforms in a domain that includes the channels, they would feel a new stress. The sensitivity of activation to pressure was not very different with inactivating and non-inactivating channels suggesting that the stress field after breaking the domain was not very different from that before. Single channel recordings show that inactivating and non-inactivating channels have similar activation and deactivation kinetics implying that inactivation does not reflect channels moving into and out of the seal.[@R5]^,^[@R13] Our current hypothesis is that inactivation involves interactions of the channel with the cytoskeleton and the global loss of inactivation represents a cytoskeletal breakdown. The loss of inactivation with repeated stimuli is remarkably similar to what Hamill's lab observed with cationic MSCs in Xenopus oocytes suggesting that the oocyte channel is a member of the Piezo family.[@R14]

We tested the involvement of the cytoskeleton in the inactivation by using cytoD to disrupt f-actin, and the only effect in patch recordings was a decrease in steady-state current, i.e., a smaller probability of being open, consistent with the data that actin can increase patch tension.[@R15] In a representative group of control cells from the same passage number, the peak to steady-state ratio was 18 ± 3.2 (n = 5) and 6.6 ± 3.1 (n = 5) for cells treated with cytoD. We found that ratio for cells from different passages were different as possibly reflecting changes in cytoskeletal properties.

Kinetic analysis showed that the inactivation rate in patches was insensitive to pipette pressure. The inactivation rate is similar to that observed for endogenous MSCs in astrocytes.[@R16] Extracellular Mg^2+^ and Ca^2+^ had little effect on the inactivation rate relative to a divalent ion free solution, but Zn^2+^ caused a 3-fold decrease in the inactivation rate.

Divalents decreased the single channel conductance as expected for a cation channel. However, the lack of chemical specificity among the divalents suggested a surface charge effect where the divalents were bound near the pore and repelled incoming cations.[@R17] Based upon the ability of divalents to reduce conductance, we expected that removal of divalents from the bath in a whole-cell recording would increase the currents, but it had the opposite effect. The loss of divalents apparently caused a breakdown of the stress transmitting network in the cell but not the patch. This suggests there are at least two types of divalent binding sites in the cell that affect the channel.[@R18]^,^[@R19]

The most striking difference between patch and whole-cell currents was the effect of cytoD. cytoD had minor effects on patch currents, but it significantly inhibited the whole cell currents. This inhibition could be partially relieved by swelling the cells with hypotonic solutions. If the stress caused by indentation passed through actin on its way to the channel, that might explain the results. Bacteria MSCs are activated by bilayer tension,[@R20]^,^[@R21] and if we assume the same for Piezo1, indentation of the cell should cause an increase in bilayer tension by actin pulling on membrane embedded proteins.[@R15]^,^[@R22] A breakdown of actin would relax the stress and reduce channel activation. That model permits osmotic swelling to potentiate activation by increasing stress in the bilayer. The rapid inactivation of Piezo1 suggests that it evolved to be a sensor for transient not steady-state stress. However, we know that with repeated stress the channels can lose inactivation and that makes them sensitive to steady-state stress. That sensitivity can lead to calcium loading of mechanically stimulated cells and that may have clinical consequences. In muscular dystrophy, for example, loss of the dystrophin lattice transfers stress to other parts of the cortex leading to activation of MSCs.[@R15]^,^[@R23]^,^[@R24] Similarly, the stresses in sickled red cells could be sustained and lead to calcium loading.[@R25] The potentiating effect of cell swelling of Piezo1 gating may have major implications for pathology as cell swelling is one of the most common markers of inflammation and cell damage.

Remarkably, the loss of inactivation with extended stress occurred in all channels at the same time. If channels lost inactivation one at a time we would observe a time-dependent mix of two populations: transients plus plateaus. As illustrated in [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, however, we rarely observed currents that were a mix of both populations. This implies that the channels exist in discrete domains, and that breakdown of the domain boundary can change the properties of all the channels in the domain. Domain breakage is more likely with large and/or repetitive stimulation.[@R12]^,^[@R26]^-^[@R28] The physical domain could be lipids such as a raft, or a more complicated structure such as a caveolus,[@R29] a protein corral[@R28] or the patch dome and seal. We can make some crude estimates of the domain size. We often measured patch currents from 50--100 channels so the domain is clearly smaller than the patch and much larger than one channel. A close packed array of channels could probably fit in a domain of \~100 nm scale. We don't yet know whether inactivation is a property of the channel protein itself or involves other components of the localizing domain such as the cytoskeleton.

In summary, while Piezo1 responses in a patch emulate many of the responses seen in whole-cell mode, there are significant differences, presumably in the force transfer structures. Extrapolation from the patch to functionality in situ deserves caution.

Materials and Methods
=====================

Electrophysiology
-----------------

The extracellular solution contained 145 NaCl, 5 KCl, 3 MgCl~2~, 10 HEPES and 0.1 CaCl~2~ (in mM, pH adjusted to 7.3 with NaOH). For both patches and whole cell, the common pipette solution was 140 KCl, 10 HEPES and 0.5 EGTA. For each experiment we have reported the divalent concentration, patch pressure and potential. For experiments with cytoD, cells were treated with 4--6 μM cytoD in bath solution for 30 min at 37°C and patched in the presence of cytoD. The mechanical stimulus in the patch was applied as pipette pressure using a high speed pressure clamp[@R30] (HSFC-1, ALA Scientific Instruments) controlled by QuBIO software ([www.qub.buffalo.edu](http://www.qub.buffalo.edu)). HEK293 cells were transfected with Fugene according to manufacturer's specifications (Roche Diagnostic) using 0.5--1.0 μg of plasmid (Gift of A. Patapoutian, Scripps Institute) and were tested 24--48 h later. All experiments were done at room temperature. Currents were sampled at 20 kHz, filtered at 2 kHz and collected using QuBIO software. Whole-cell and patch-clamp experiments used an Axopatch 200B amplifier (Axon Instruments). Hypotonic swelling with 50% of normal osmolarity was initiated by adding distilled water in equal volume to the bath solution.

Whole-cell mechanical stimulation[@R1] utilized a fire-polished glass pipette (tip diameter 2--4 μm) positioned at an angle of 45° to the cell. A computer controlled micromanipulator (MP-285, Sutter Instruments Co.) using LabVIEW software provided coarse positioning of the probe to \~10 μm from the cell. From that position, further rapid downward movement was driven by a piezoelectric stage (P-280.20 XYZ NanoPositioners, Physik Instrumente) until the pipette crossed a "threshold," defined as the depth at which the probe visibly deformed the cell. The probe velocity was 0.2 μm/ms during the upward and downward movement and the stimulus was maintained constant for 400 ms forming a trapezoidal stimulus. Stimulation was applied every 4 sec and currents were recorded most commonly at a holding potential of -60 mV.
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